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1. Abstract  
The growing demand for high rate broadband satellite services delivered through multi-spot beam 
systems pushes more and more for spectrum re-usage over the coverage. In this context, due to 
the non-perfect isolation among the beams, the amount of interference coming from the side-lobes 
of the co-channel spots may significantly impact the link budget and thus ultimately the achievable 
throughput. Co-channel interference becomes therefore one of the main impairments limiting the 
performance of the system if not properly tackled. In this paper we focus on the forward 
communication link and assess the benefits at system performance level that can be obtained 
applying an advanced interference cancellation technique based on Multi-User Detection (MUD) at 
the terminal receiver side. By applying a joint detection and separate decoding on the main signal 
and on the interfering signal we show that the peak data-rate of each user can be significantly 
increased with respect to a conventional network using a four colour scheme and that the use of 
aggressive frequency re-use scheme is possible. 
2. Introduction 
In recent years, satellite communication systems have been experiencing a steep increase in the 
demand for broadband capacity. This fact pushed for the development of multi-spot beam 
networks with high number of beams for both fixed and mobile applications and user frequencies 
from L to Ka-band. Some of these systems can already implement aggressive frequency re-use 
strategies, at least over part of the network. These are typically the systems based on active or 
semi-active antennas with one HPA (high power amplifier) per feed. More conventional Single 
Feed Per Beam (SFPB) systems typically have more beams sharing the same HPA. The 
bandwidth is split among these beams and a more relaxed frequency reuse is implemented. 
(typically a 4 colour scheme is used). However, even these systems, if supporting flexible 
bandwidth allocation schemes, might locally generate a full frequency re-use over a specific set of 
beams. In these paper we will consider such systems i.e. with active/semi-active antennas and 
SFPB with a payload supporting flexible bandwidth and power resource allocation. 
When multiple users access the available bandwidth in a Time Division Multiplexing (TDM) 
fashion, the presence of co-channel interference represents one of the main impairments among 
the sources of intra-system interferences and may significantly limit the link throughput and 
availability. Indeed, when only one or two colour-schemes are used, the signals transmitted by co-
channel beams reach the terminal with a power that may be comparable with the one of the 
wanted signal due to the secondary lobes of the antenna pattern of each beam. In this context, 
interference cancellation (IC) techniques aim at the improvement of the link Signal-to-Noise-plus-
Interference-Ratio (SNIR) and consequently of the achievable spectral efficiency by targeting a 
mitigation of the intra-system interference. Several of such techniques have been described in 
literature. In pre-coding for example [1], [2], the gateway pre-processes the set of user data to be 
transmitted to the different users in order to pre-compensate for the interference introduced by the 
antenna pattern. Among the IC techniques, another relevant approach is represented by Multi 
User Detection (MUD) [3], [4]. This technique, initially investigated for return link applications, can 
be applied also to the forward link at the expense of an increase in the complexity at the terminal 
side. Initial performance assessment has been presented in [5] where a soft-interference 
cancellation scheme was studied. An assessment and trade-off of the required complexity has 
been studied in some simplified schemes such as the sum-product algorithm [6], or the single 
tree-search algorithm [7]. 
This paper focuses on the achievable performance of Multi-User-Detection (MUD) in the forward 
link of a broadband satellite system. In particular, the present work follows the analysis presented 
in [8] that considers an innovative approach. Basically, the interfering signal experienced by a user 
is assumed to be carrying useful data for that user, and can be therefore decoded with MUD and 
used to increase the user’s peak throughput. This is achieved by transmitting useful information 
for the considered user not only from its beam, but also from the main interfering beam. This 
approach, involves of course a time sharing of the resources when the co-channel beams require 
comparable traffic. For this reason we refer to it as a multiple access channel (MAC) MUD. 
Throughout the paper we will assume that the air interface of the forward link is based on the new 
DVB-S2x standard [9], including the Annex E features (superframe), which are capable of 
supporting interference mitigation techniques. In particular, orthogonal pilot fields as well as 
constant and aligned frames (Bundled PL-Frames) across co-channel carriers are the essential 
features which are required.  
The paper is structured as follows: section 3 provides an overview of the system model and 
reference networks considered; in section 4 the physical layer performance are presented, 
extending the work of [8]; section 5 presents the system level results of a comparison between a 
frequency reuse 2 with MAC-MUD and a classic frequency reuse 4 system; finally, a comparison 
with other flexible techniques is given in section 5, while the conclusions are drawn in section 6. 
3. System model 
The goal of the first part of this paper is to estimate the performance of the MAC-MUD algorithm 
within two colours networks and compare them with a similar system where higher number of 
colours are used. Towards this end, we will focus on SFPB broadband systems, which however 
represent the least favourable scenarios for MUD techniques as they imply the duplication of the 
on board HPAs, with respect to the classic 4 colour frequency reuse pattern, to support a two 
colours network.  
The following two scenarios will be considered: 
 a conventional four-colours frequency reuse system (baseline system scenario), with 200 
beams and European coverage, whose main characteristics are described in Table 1. 
Here the network supports 4 colours by means of splitting the user bandwidth in two and 
exploiting dual polarization across the coverage, 
 a 2 colour scenario derived directly from the previous reference system by duplicating the 
number of on-board TWTAs so as to be able to re-use the entire user bandwidth across 
the co-polar beams. The two colours are then implemented by means of the two 
polarizations. In this scenarios we will assume that multi-user detection (MAC-MUD) is  
applied;  
Table 1. Baseline system parameters 
Frequency Plan 4-Colours 2-Colours  
Feeder link bandwidth in Q/V-band (in two pol): 4 4 GHz 
User Link bandwidth 500 500 MHz 
Polarization 2 circular 2 circular  
Beam bandwidth 250 500 MHz 
Carrier bandwidth 250 500 MHz 
Carrier baud-rate (with 20% roll-off) 208 416 Mbaud 
Satellite    
Number of TWTAs 100 200  
TWTA Saturated power  110 45.7  W 
Total RF FWD saturated power 11 11 KW 
EIRP 70 69.2 (reduced 
IBO due to single 
carrier operation) 
dB 
Number of carriers per TWTA 2 1  
IBO  5 1 dB 
User Terminal    
Antenna Diameter 0.6 0.6 m 
Antenna efficiency 0.65 0.65 % 
Noise Figure 2 2 dB 
 
 
For the two colours scenario, an equivalent total DC power has been considered, leading to a 
single carrier of 500 MHz amplified by a TWTA with 45.7 W RF power. This is because the 
number of HPAs needs to be doubled. In addition, a 0.8 dB factor has been deducted in order to 
take into account of the power consumption of the additional components implied by the higher 
number of connections in the output section of the payload. On the other hand, the single-carrier 
operation allows to reduce the operating point IBO (Input Power Back-off) from 5 dB (needed in 
the four colour baseline because of multi-carrier operation) to 1 dB. 
When applying MUD, a specific spectral efficiency performance can be calculated for each 
combination of the parameters [C/I1, C/N, MODCOD(C), MODCOD(I1) ]. For the considered two-
colour system, it is possible to identify a number of “cases”, defined as the distribution of the 
different interferers. By means of accurate system simulations, taking into account a realistic 
pattern antenna, it was possible to analyse the distribution of the main interfering signals 
contributing to the total co-channel C/I. As shown by Table 2, such distribution shows a high 
correlation between the value of the C/I1 and the C/I of the other interferers. C/I1 values higher 
than 12 dB, although with low probability, are possible within the system. In these cases, as it will 
be clear in the next section, the MAC-MUD algorithm fails to deliver a good performance so 
classical single user detection (SUD) schemes might be applied instead. 
Table 2. C/I distribution for a typical 2 colours frequency reuse 
C/I1 C/I2 C/I3 C/I4 C/I5 
0 19 21 27 30 
2 20 22 27 30 
4 21 22 27 30 
6 22 23 27 30 
8 20 24 27 30 
10 18 23 27 30 
12 17 22 27 30 
 
4. Physical layer results 
For the MAC-MUD technique, given a specific combination of MODCODs (one on the carrier and 
one on the first interference), an overall spectral efficiency on the two links, assuming that they 
require the same capacity, can be calculated as the average of the efficiencies of the single links. 
The performance of each combination are then identified  in terms of SNR threshold, defined as 
the minimum Es/N0 which guarantees a frame error rate (FER) lower than 10
−5
 . The physical layer 
analysis started in [8] has been extended here to cover a higher number of cases and 
combinations. Figure 1 summarizes the results of the simulations, indicating for each Es/N0 and 
for each C/I1 case (one curve per C/I1) which is the achievable spectral efficiency. In the same 
figure, the continuous line provides also the maximum achievable rate obtainable for each case by 
means of information theoretic analysis. The physical layer performance and the theoretical bound 
related to the same case are presented with the same line colour. In addition, the blue dashed line 
provide the achievable rate for the baseline frequency reuse 4 system, based on the DVB-S2x 
MODCODs, where a total average C/I of 15 dB, typical for such systems, has been considered. It 
has to be noted that the y-axis has been normalised to the available bandwidth per beam: in the 2-
colour frequency reuse in fact we have 500 MHz available for each beam, while in the 4-colour 
system only half of it. This has been reflected by halving the spectral efficiency for the latter result. 
Further to this, it shall be noted that instantaneously the peak rate experienced by the users 
applying MAC-MUD is the double of the displayed values. 
 
Figure 1. MAC-MUD physical layer performance for each C/I1 case 
 
The above results have been used for the calculation of the capacity in the following section 
dealing with system level performance analysis. 
5. System level results 
By means of system simulations it was possible to characterize accurately the considered network 
when implementing the two colours scheme. The following figure shows the distribution of the 
estimated C/I1 over the coverage.  
 
Figure 2. C/I1 caused by the strongest interferer in each point of the coverage 
 
The related probability distribution function (PDF) of each C/I1 case is depicted instead in Figure 
3: 
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Figure 3. PDF distribution of the C/I1 for the considered 2-colour frequency reuse system 
 
It is assumed that, whenever the C/I1 exceeds the values of 12 dB, or whenever the MUD does 
not bring any advantage, a classic single user detection (SUD) with Adaptive Coding and 
Modulation (ACM) scheme based on DVB-S2x MODCODs is adopted. This implies that a user 
terminal in a beam might apply or not apply MUD depending on its position. For each C/I1 case, it 
is possible to identify the value of residual SNIR (which includes intermodulation interference, 
adjacent channel interference and the residual co-channel interference of C/I2, C/I3,) which has 
statistically the highest number of occurrence. This is done by deriving the PDF of SNIR 
conditioned to a specific value of C/I1. The resulting spectral efficiency is then calculated based on 
the multi-dimensional look-up tables where for each MODCOD combination and for each C/I1 case 
as shown in Figure 1 the required Es/N0 is identified. The following table summarizes the result of 
this exercise showing the average values obtained with a clear sky simulation. It is possible, worth 
to note that, consistently with the antenna pattern, as C/I1 increases, the residual SNIR also 
increases. This condition takes place when moving towards the center of the beam.  
 
C/I1 [dB] 0 2 4 6 8 10 12 
Residual SNIR [dB] 
14.8 15.2 15.6 15.8 16.1 16.22 16.3 
MUD + ACM average 
spectral efficiency 
[bit/symbol] 
2.38 2.33 2.27 2.13 2.13 - - 
SUD + ACM average 
spectral efficiency 
[bit/symbol] 
- - - - - 2.22 2.22 
 
The average spectral efficiency that can be obtained by weighting each of the previous results by 
the PDF shown in Figure 3 is 2.22 bits/symbol. For what concerns the baseline system with four 
colours, the outcome of the system level simulations based on DVB-S2x performance provided 
and average spectral efficiency of 4 bits/symbol, which normalizing with half of the bandwidth 
results in a 2 bits/symbol in comparison with the 2.22 obtained with MUD Thus an overall gain of 
10% with respect the four colour network. 
6. Comparison with other flexible techniques 
Another important aspect that can be considered when applying MAC-MUD is the possibility to 
flexibly allocate the time resource between the considered beam and adjacent beams, which in a 
two colour frequency reuse scheme always correspond to the highest interferers. Let us assume 
to have a large coverage and to focus on three adjacent beams (b0, b1 ,b2) where the central 
beam b1 requires a significantly higher capacity than the other two. If we consider that T is the 
total amount of time needed to serve a beam, it is possible to use a large fraction of that time to 
serve a beam with a higher capacity request. This situation is exemplified in Figure 4. The 
principle of multiple access channel MUD is based on the assumption that a user receives a 
significant amount of interference I1 from the adjacent beam (this is indeed true for a frequency 
reuse with two colours) and can therefore use that signal to extract useful information. Given the 
typical antenna pattern and beam separation, we can safely assume that the users on the left half 
of any given beam will see the interference coming from the adjacent beam on the left, while the 
users in the right half side will see the interference from the adjacent beam on the right. For this 
reason, it can be observed that beam b0 can be used to serve only the leftmost users of beam b1, 
as users located in the rightmost part of b1 can be served using MAC-MUD by using the signal 
from b2. Assuming that this consideration applies to all the other beams of the coverage, it is 
possible to allocate more time resources to serve the beam with high request (b1), while the 
remaining amount is split between the other two beams (b0,b2). This  approach is made possible 
by using the Bundled PL-FRAME in superframe mode as allowed by DVB-S2x standard (Annex E 
of [9]), in order to have a regular physical layer framing structure with a constant length. 
 
Figure 4. Flexibility principle of the MAC-MUD when b1 is an hotspot 
 
It is worth noting that this approach does not require the use of any flexible technologies on board. 
Indeed, resource flexibility is instead handled by the ground segment.   
In order to have a better idea of the possible benefits of this technique, hereafter comparison with 
other two classic flexibility techniques is presented: power flexibility and frequency flexibility. For 
what concerns power flexibility, the following two scenarios have been considered:  
 4 colours  frequency reuse (two beams per tube) 
 2 colours frequency reuse (one beam per tube, double number of tubes) 
It is assumed that by means of flexible technologies, such as multi-port-amplifier or flexible 
Travelling Wave Tubes (TWTAs), it is possible to allocate a different power to the beam with 
higher request, maintaining the total RF power constant (over the three considered beams in this 
case). Let us define P as the power per beam in case of uniform power distribution. Figure 5 
shows the achievable capacity for the two scenarios, assuming that the total power unbalance can 
range from 1 to three times P. The x-axis shows in fact the factor ΔP which is used to linearly 
multiply the power allocated to the high request beam b1. It is then assumed that the power 
allocated to the adjacent beams (b0 and b2) is: 
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Figure 5. capacity results for a power flexible system with 2 colours and 4 colours 
It shall be noted that, despite all the simulations were run for clear sky, for ΔP=2.5 the percentage 
of users which can close the link in the adjacent beams in case of two-colour frequency reuse (red 
continuous line) is already lower than 80%, so we can safely assume that this case cannot 
represent a real operational situation. 
 
For what concerns the frequency flexible system, we consider a payload technology capable to 
implement irregular frequency reuse, by means of a bank of narrowband diplexing filters followed 
by a dynamic switching matrix. This would allow to allocate in a flexible way the narrowband sub-
carriers among the beams. It is assumed that in the reference system the number of tubes is 
equivalent to the one of a four-color system and that therefore all the tubes are fully loaded. This 
has the consequence of having a constant EIRP density among the beams. Focusing again on the 
three beams of the above analysis, of which b1 is the hotspot, we assume that frequency over the 
available user bandwidth Bu can be flexibly allocated to each of them with a certain granularity. It 
is therefore possible to state that there are N carriers, of which M are allocated to the central 
beam, in this case the one with highest request, while (N-M)/2 are allocated to each of the 
adjacent beams. If we make the hypothesis that the other beams of the coverage are properly 
allocated over frequency not to interfere on b0 and b2, the resulting local performance over b0, b1 
and b2 is the one of a 4 colour frequency reuse. The only additional degradation to be taken into 
account is that the system has a high number of carrier, which has an impact on the multi-carrier 
operation of the TWTA.  This situation is exemplified in Figure 6. 
 
Figure 6. Example of allocation of a frequency flexible system over the hotspot 
 
Accordingly, the resulting average spectral efficiency is the one of a 4-colour frequency reuse and 
the achievable capacity can be calculated by varying the number of carriers allocated to the 
central beam. In the following, the achievable capacity and flexibility with this approach is 
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compared directly with MAC-MUD performance by plotting both results as a function of a 
normalised x-axis. For the frequency flexible system this is normalised to N, while for the MAC-
MUD it is normalised to T. As can be seen from the Figure 7, the flexibility achievable with MAC-
MUD nearly doubles the initial capacity offered to the beam and can achieve up to 15% gain in 
additional flexibility with respect to the frequency flexible approach.  
 
  
Figure 7. Flexibility performance comparison between MAC-MUD and frequency flexi system 
 
 
On the other hand, comparing with the point related to ΔP=2.5 in Figure 5, where the percentage 
of served users though is only 80%, we see a gain in terms of achievable capacity with MAC-MUD 
of 30%. 
7. Conclusions 
In this paper the performance at system level achievable by the use of MAC-MUD in a system with 
high frequency reuse have been presented and compared with the ones of a classic four-colour 
for system, showing a 10% gain in overall capacity and a doubling of the instantaneous user peak 
rate. Additionally, the technique has been compared with other available solutions to provide 
flexibility such as power and frequency flexible systems. In both cases a significant gain between 
15% and 30% was found. It is worth noting that, despite the use of two colours requires doubling 
the number of tubes on board (at least for the SFPB payloads), no expensive flexible technologies 
are required to be embarked at payload level. However the price to pay is an increase in terminal 
complexity due to the required support of MAC-MUD decoding. 
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